Myxobacteria are single-celled, but social, eubacterial predators. Upon starvation they build multicellular fruiting bodies using a developmental program that progressively changes the pattern of cell movement and the repertoire of genes expressed. Development terminates with spore differentiation and is coordinated by both diffusible and cell-bound signals. The growth and development of Myxococcus xanthus is regulated by the integration of multiple signals from outside the cells with physiological signals from within. A collection of M. xanthus cells behaves, in many respects, like a multicellular organism. For these reasons M. xanthus offers unparalleled access to a regulatory network that controls development and that organizes cell movement on surfaces. The genome of M. xanthus is large (9.14 Mb), considerably larger than the other sequenced ␦-proteobacteria. We suggest that gene duplication and divergence were major contributors to genomic expansion from its progenitor. More than 1,500 duplications specific to the myxobacterial lineage were identified, representing >15% of the total genes. Genes were not duplicated at random; rather, genes for cell-cell signaling, small molecule sensing, and integrative transcription control were amplified selectively. Families of genes encoding the production of secondary metabolites are overrepresented in the genome but may have been received by horizontal gene transfer and are likely to be important for predation.
evolution of signaling ͉ genome expansion ͉ multicellular development M yxobacteria are one of nature's explorations of communal living. These soil-dwelling, single-celled prokaryotes move and feed in predatory groups. Myxococcus xanthus, whose lifecycle is shown in Fig. 1 , constructs species-specific multicellular structures called fruiting bodies and differentiates spores within them. Growth and sporulation alternate according to the availability of nutrient or prey. Nutrient limitation initiates fruiting body development and sporulation, whereas nutrient availability leads spores to germinate and energizes growth and cell movement by gliding. At high cell density, gliding of the long rod-shaped growing cells is constrained by interactions between the cells. Cooperative interactions are orchestrated by the cell-to-cell exchange of the soluble A signal (1) and the contact-mediated C signal (reviewed in ref. 2 ). The C signal network controls movement of the rod-shaped cells and regulates gene expression until the cells differentiate into spores that are unable to move on their own (3). The regulatory network, although relatively simple in design, produces complex multicellular development with true cellular differentiation. The ecological success of the myxobacterial lifestyle is measured by the millions of myxobacterial cells per gram of cultivated soil and by the fact that their 50 species are found in topsoils around the earth (4) .
The sequence of the recently finished M. xanthus genome revealed a single circular chromosome of 9,139,763 bp (GenBank accession no. CP000113). That large size compared with other bacteria raises the questions of how and why genomes enlarge. It has been suggested that large bacterial genomes correlate with a variable lifestyle and a small effective population size (5-7). For example, the loss of genes from Buchnera aphidicola is attributed to a symbiotic adaptation with aphids (8) . Agrobacterium tumefaciens and Sinorhizobium melliloti acquired large plasmids as they became plant pathogens and symbionts. How might the large size of the M. xanthus genome be related to its multicellular lifestyle?
Results and Discussion
Genome Expansion. The evolutionary origin of M. xanthus lies within the ␦ subgroup of proteobacteria, according to the sequence of its 16S ribosomal RNA (9) . All other sequenced ␦-proteobacteria (eight at this time: Anaeromyxobacter dehalogenans, Bdellovibrio bacteriovorus, Desulfotalea psychrophila, Desulfovibrio desulfuricans, Desulfovibrio vulgaris, Geobacter metallireducens, Geobacter sulfurreducens, and Pelobacter carbinolicus) have genome sizes that range from 3.66 to 5.01 Mb. Because M. xanthus is 9.14 Mb there seems to have been an enlargement by 4-5 Mb. Genome expansion specific to the lineage of myxobacteria is strongly suggested by the almost identical genome sizes of the M. xanthus-related Stigmatella aurantica and Stigmatella erecta, estimated as 9.5 and 9.8 Mb, respectively (10) . Among possible contributors to expansion, the acquisition of significant amounts of noncoding DNA is ruled out by the high density of coding sequences in M. xanthus, evident in Fig. 2 , layers 1 and 2. More than 90% of the genome consists of protein coding sequences (CDS) with predicted products averaging 376 aa. Plasmid acquisition is ruled out because the DNA is found as a single chromosome of 9.14 Mb with a single origin of replication (base pair 1 in Fig. 2) . Some of the expansion that is evident results from extensive gene duplication. For M. xanthus, comparisons of the 7,388 predicted CDS to each other using BLASTP and hidden Markov models (HMM, PFAM, and TIGRFAM) (11) indicate that 3,542 CDS, or 48% of the proteome, constitute 872 families (having at least two members) of paralogous genes. Duplications provide the raw material for the evolution of new gene functions (12, 13) , and global studies have borne out the importance of duplications in bacteria (14, 15) .
To identify the duplications that appeared during the divergence of myxobacteria from other ␦-proteobacteria, the entire M. xanthus genome was compared with a reference set consisting of all of the genes in all sequenced genomes available in 2005 (J. Badger and J.E., unpublished data). The reference set for this study included four ␦-proteobacteria that had been sequenced by 2005: specifically B. bacteriovorus, De. vulgaris, G. sulfurreducens, and D. psychrophila. The comparison revealed that 1,153 CDS at least, or 15.6% of the M. xanthus proteome, belong to paralogous groups of proteins that are more closely related to one another than to any protein from any other sequenced organism. We consider such duplications to be lineage-specific, assuming that they duplicated and differentiated in the immediate ancestors of M. xanthus. The lineage-specific duplications are indicated in layer 3 of Fig. 2 ; they are distributed at roughly equal density around the whole chromosome. Table 1 identifies the largest families of lineage-specific duplications according to their cellular function. The genomic data summarized in Table 1 were derived from the complete list of CDS with their annotations. The data are presented in Table 2 , which is published as supporting information on the PNAS web site.
The 15.6% of the proteome representing lineage-specific duplications would account for 1.4 Mb of the discrepancy between myxobacteria and the other ␦-proteobacteria. Some of the remaining 2.6-3.6 Mb of expansion probably represents lineage-specific duplications that were not detected because of the stringency of the criteria used for determining membership in a family of paralogs. Also, at least 1.4 Mb of expansion may arise from horizontal gene transfer (HGT). HGT has played a significant role increasing the size of the ␥-proteobacterial genomes (7, 16) . Moreover, substantial HGT was recently proposed for B. bacteriovorus, which is a preyconsuming ␦-proteobacterium like M. xanthus (17) . Several methods for detecting horizontally transferred genes have been suggested. One method, used to identify the pathogenicity islands of Escherichia coli, looks for piece-wise variations of the nucleotide sequence signature because signatures tend to homogeneity around the chromosome (18, 19) . Horizontally transferred segments, which initially have the donor signature, adopt with time the signature of their new lineage (20) (21) (22) . Before amelioration, horizontally transferred genes can be detected by an unusual signature compared with the rest of the chromosome. However, scans around the entire M. xanthus genome revealed neither GC nucleotide skew nor signature transitions that would delineate the two edges of a segment transferred by HGT, other than those at the edges of the stable RNA genes, which vary because of selection, not to HGT (22) . This failure to detect edge pairs parallels findings in B. bacteriovorus (23) .
The many genes encoding enzymes of secondary metabolism in M. xanthus seem likely to have been acquired by HGT for reasons other than pairs of sequence discontinuities. Most of these genes are figure) , the swarm becomes a predatory collective that surrounds the prey. Swarm cells feed by contacting, lysing, and consuming the prey bacteria (E and F). Fruiting body development is advantageous given the collective hunting behavior. Nutrient-poor conditions elicit a unified starvation stress response. That response initiates a self-organized program that changes cell movement behavior, leading to aggregation. The movement behaviors include wave formation (G) and streaming into mounded aggregates (H), which become spherical (A). Spores differentiate within mounded and spherical aggregates. We use the term ''swarming'' in its general sense to denote a process ''in which motile organisms actively spread on the surface of a suitably moist solid medium'' (81).
Fig. 2.
Genome map: a single circle. The entire genome is summarized in five layers. The two outermost layers represent the genes expressed in the clockwise direction (layer 1) and the counterclockwise direction (layer 2). The role of genes such as fatty acid and phospholipids, metabolism, cell envelope, amino acid biosynthesis, DNA metabolism, protein synthesis, central intermediary metabolism, energy metabolism, and regulatory functions are colorcoded. Layer 3 shows the lineage-specific duplications that are discussed in Results. The enzymes that catalyze production of secondary metabolites are in layer 4. Base pair 1 was assigned to the predicted origin of replication, located by GC nucleotide skew (82) among genes in the dnaA, dnaN, recF, and gyrA region. Layer 5 plots the GC skew.
clustered between 4.4 and 5.8 Mb clockwise from the replication origin, with another set of clusters between 1.5 and 3.5 Mb (Fig. 2,  layer 4 ). Although these enzymes are not sequence paralogs and are not in Table 1 , these modular enzymes are duplicated in terms of their individual catalytic functions (24) . Because these gene clusters constitute 8.6% of the M. xanthus genome, it has about twice the capacity for producing polyketides and mixed polyketidepolypeptides of either Streptomyces coelicolor or Streptomyces avermitilis, whose genomes are similar in size to M. xanthus (24, 25) . Because the genes are clustered and (functionally) duplicated, but lack sequence discontinuities, we conclude that searching for pairs of signature discontinuities limits recognition of HGT.
One-third of the M. xanthus CDS have their four strongest BLAST hits (with cutoff e values Ͻ1e-10) outside the ␦-proteobacteria. This finding negates the expectation of vertical inheritance. A similar observation made in B. bacteriovorus (23) was interpreted as a sign of ancient HGT by incorporation of undegraded prey DNA into the Bdellovibrio genome (17) . But this hypothesis seems not to apply to M. xanthus for several reasons. First, HGT should be rare by virtue of its mechanism; it seems implausible that one-third of total genes should be so acquired. Second, M. xanthus is thought to feed on a wide range of bacteria in soil (discussed below in Predation), and many of its prey would be expected to have a different nucleotide signature. Their edges should have been detected, yet none were. Third, because M. xanthus was first isolated from soil in 1941 (26) , some predatory HGT should, by the Gophna hypothesis (17), have been quite recent and thus detected. Fourth, considering the several periplasmic restriction endonucleases found in myxobacteria (27) , we think it unlikely that gene-size fragments could survive and give HGT. Rather than ancient HGT, we find the hypothesis of rapid amelioration (19) a better explanation for the paucity of pairs of signature edges. Because the process of gene duplication would be expected to ameliorate the new copy, signature edges might thus be obscured.
Lineage-Specific Gene Duplications. As mentioned, the many lineage-specific duplications observed are distributed all around the genome. Moreover, they play many different functional roles in M. xanthus, according to the list of functional categories that have significant numbers of lineage-specific duplications in Table 1 (28, 29) . The genes seem not to have been duplicated at random, and the duplications are out of proportion to the number of genes in the various role categories, as shown by comparing the number observed with the number expected (if random) in Table 1 . Some types of CDS seem not to have expanded relative to the other ␦-proteobacteria: genes encoding the enzymes of DNA metabolism and the enzymes of cell envelope synthesis and degradation were duplicated less than the chance expectation (Table 1) . Unknown functions͞general and enzymes of unknown specificity were duplicated at the chance rate, as might have been expected for an all-encompassing category. By contrast, regulatory functions, serine-threonine protein kinases, 54 enhancer binding proteins (EBPs), chemosensory, and motility have been duplicated more frequently than their genomic abundances would have predicted. The higher frequencies suggest that the acquisition of a new function gave them a selective advantage and thus expanded the genome. To evaluate the likelihood of this course of events, the biochemistry of several frequently duplicated proteins was examined.
STPKs. Many of the 97 M. xanthus STPKs, which are products of the STPK genes, are found among the lineage-specific duplica- The number of genes in the largest paralogous families in the M. xanthus genome are tabulated by role category (column 1). For each category, the second column shows the total number of genes in M. xanthus. The third column shows the number of genes that belong to paralogous families. The fourth column shows the number of gene clusters in the category that are lineage-specific duplications. The fifth column shows the expected (whole) number of duplicated genes, assuming that every gene in the category has the same probability of duplication.
tions in Table 1 . Multiple STPK genes are not likely to have been inherited from their ␦-proteobacterial precursor because they are rare: G. sulfurreducens has none, B. bacteriovorus has one, De. vulgaris has three, and D. psychrophila has two potential STPK paralogs (Table 2 ). Most likely the many duplications occurred as the myxobacteria were branching from their precursor. Twenty of the STPKs were determined to be essential for fruiting body development and sporulation by deletion analysis of 94 of the 97 STPK genes (30, 31) . However, because this screen was carried out under a single nutritional regime, it is likely that other STPK genes are essential under other conditions, as was observed in one study of essential developmental genes (32).
Twenty-two STPK genes are organized in pairs that are adjacent or separated by fewer than four genes. Five of these gene pairs are clearly duplications because the genes are immediately adjacent and are oriented in the same direction (Fig. 4 , which is published as supporting information on the PNAS web site). Pkn7 (MXAN2910) and Pkn11 (MXAN2911), for example, are adjacent and oriented in the same direction (M. Inouye and S. Inouye, unpublished observations). Another pair of adjacent STPKs, Pkn6 (MXAN2550) and Pkn5 (MXAN2549), belong to the same sequence subclass of STPKs, but the genes are oriented in opposite directions. Duplication and subsequent divergence of STPK specificity could have generated new regulatory elements.
54 Activator Proteins. Many developmentally regulated genes in M. xanthus are expressed from 54 promoters. Such promoters always require an activator protein, of which NtrC is the prototype, to form an open polymerase-promoter complex in which transcription is initiated (33) (34) (35) . These activator proteins bind to enhancers, which are regulatory DNA sequences either upstream or downstream from the promoters; consequently, they are often known as EBPs. These proteins constitute another large family of lineage-specific paralogs (Table 1) . M. xanthus has 53 EBP genes, and Table 1 indicates that at least half arose as lineage-specific duplications. A few may have been inherited from their ␦-proteobacterial ancestor because G. sulfurreducens has 18, D. psychrophila has 8, and B. bacteriovorus has 5 potential paralogs, whereas no potential paralogs were detected in De. vulgaris (Table 2) . Most EBPs are components of signal transduction circuits that respond to environmental cues. They have a common organization with a central ATPase domain responsible for ATP hydrolysis and interaction with the 54 factor, a C-terminal DNA-binding domain, and an N-terminal sensory domain that regulates the ATPase activity of the central domain in response to sensory stimuli (36, 37) .
Twelve of the EBPs in M. xanthus have a forkhead-associated (FHA) domain as their N-terminal sensory unit. The FHA domain is essential for the EBP that is encoded by MXAN4899 (38) . Knockout mutations of MXAN4899 disrupt the pattern of developmental gene expression, alter fruiting body development, and block sporulation (38) . The mutant phenotypes pointed to a specific role for MXAN4899 in the C signal transduction pathway. FHA domains are phosphothreonine-specific recognition domains involved in specific phosphorylation-dependent protein-protein interactions. An FHA domain would thus couple the sensory activity of a cognate STPK to the expression of 54-dependent developmental genes (39) . Other EBP genes are found to be next to an STPK gene; often, adjacent EBP͞STPK gene pairs turn out to be cognate proteins. MXAN4899 and the EBP͞STPK pairs provide evidence that STPKs can activate transcription, a concept recently proposed on theoretical grounds for a metabolic pathway in St. coelicolor (40) .
Two-Component Systems.
The most frequent N-terminal sensory sequences of the EBPs in M. xanthus are CheY-like receiver domains. Receiver domains in bacteria are normally found in cognate pairs with a sensor histidine protein kinase (HPK) for two-component signal transduction (41) systems that respond to a broad range of extracellular or intracellular signals. The presence of these pairs in M. xanthus and in the other ␦-proteobacteria suggests that most of the 54 activators belong to two-component systems. The M. xanthus genome encodes 137 sensor and hybrid histidine kinases, which is far more than any of the other ␦-proteobacteria: G. sulfurreducens has 21 sensor and hybrid histidine kinase paralogs, B. bacteriovorus has 6, De. vulgaris has 4, and D. psychrophila has 7 potential paralogs ( Table  2) . Some of the M. xanthus HPKs have additional sensory or output domains; there are PAS domains, which are capable of sensing the redox state (42) or of responding to light (43). There are GAF domains, which may bind cAMP͞cGMP (41), and HAMP domains, which convey signals from input domains to output modules in chemotaxis receptors (44) . GAF domains may be involved in sensing, producing, or degrading cyclic nucleotides, which could be global regulators in M. xanthus, although they have not yet been experimentally explored.
Several two-component gene pairs encoded by adjacent HPK and response regulator genes have previously been described in M. xanthus, including sasS͞sasR (45, 46) , pilS͞pilR (47), the mrp genes (48) , and the esp genes (49) . To map more of the two-component systems in M. xanthus, the genes that neighbor each EBP were examined. Indeed, 21 among the Ͼ50 54 EBPs were found to neighbor a HPK (Table 3 , which is published as supporting information on the PNAS web site). Twelve of the 21 EBP͞HPK pairs are immediately next to each other in the genome. Another 24 of the EBP genes are neighbors of one or more genes that encode STPKs (their clustering is shown in Table 3 ). Expectations for a uniform nonclustered (Poisson) distribution of HPK or a STPK gene were compared with the observed distribution in Table 4 , which is published as supporting information on the PNAS web site, revealing a strong tendency for the EBP genes to cluster with either an STPK or an HPK gene. The cluster intervals often included other types of regulatory components: extracytoplasmic function (ECF) factors (50, 51) or response regulators, as shown in Table 3 . CarQ is one of those ECF factors; it regulates the production of protective carotenoids in response to exposure to blue light (52, 53) . The observed linkages suggest that some EBP, STPK, HPK, and ECF factors can work together in complex regulatory units.
Regulatory Network Design. In bacteria, DNA-binding proteins that also bind a small ligand molecule are the most common transcriptional regulators (54, 55) . The amount of ligand bound controls the level of transcriptional activity. The LacI, TetR, AraC, GntR, AsnC, and LuxR proteins exemplify such ''onecomponent regulators'' (55) . In light of the capacity of M. xanthus to adapt to a fluctuating environment, one might have anticipated finding many one-component regulators in its genome. However, regulators of the IclR, LacI, ROK, and DeoR families are missing entirely in M. xanthus, whereas regulators of the AraC, GntR, AsnC, and LuxR families are conspicuously underrepresented. As shown in Fig. 3 , one-component regulators are considerably less abundant in M. xanthus than in other soil bacteria, considering their genome size. The number for M. xanthus is less than half the expected number.
Underrepresentation of one-component regulators contrasts with an abundance of multicomponent regulatory pathways, which provide sensory inputs to several steps of the pathway. As described above, M. xanthus has complex regulatory pathways that involve STPKs and sensor histidine kinases linked to 54 activators. Some pathways that include ECF factors, which have their own sensory inputs, are linked to those pathways. Moreover, these multicomponent systems are in abundance (Table 1) . Each pathway that includes two or more proteins having sensory sites evidently has the ability to integrate several signals, some from external stimuli and some from metabolism. The ''quorum-sensing pathway'' found in Vibrio harveyi is an example (56) . Multicomponent signaling pathways parallel, in terms of signal integration, the pathways that regulate multicellular development in eukaryotes (57) .
Predation. How can M. xanthus feed efficiently on the proteins of such a wide variety of bacteria and yeasts (4)? The first clue was the astonishing number of polyketide and nonribosomal polypeptide synthases in the genome (indicated in Fig. 2, layer 4) . Also, M. xanthus may be resistant to cephalosporin-like antibiotics because it encodes isopenicillin-N-epimerase and cephalosporin hydroxylase. Secreting inhibitors to which M. xanthus is resistant would tend to inhibit the growth of competitors, as observed (58) , and to weaken potential prey (59) . A second genomic clue is that M. xanthus has genes for the synthesis of all of the amino acids, but it lacks the ilvC and ilvD genes, which are necessary for the biosynthesis of leucine, isoleucine, and valine. Nutritional studies showed requirements for the branched-chain amino acids (60) . Inasmuch as those required amino acids account for one-fifth of the amino acids found in average proteins, predation seems to have become a reliable alternative to biosynthesis.
M. xanthus culture fluids are known to lyse cell walls (61) , and the extracellular lytic and proteolytic activities probably account for the increase in the rate of M. xanthus growth observed on casein at high cell density (62) . In addition to evidence for extracellular lysis, lysis is observed to follow direct physical contact with prey cells (63, 64) , as illustrated in Fig. 1 D-F . Altogether, 14 M. xanthus proteins should be able to hydrolyze peptidoglycan. After the prey cell wall has been breached, proteolysis could occur, and M. xanthus has 146 putative proteases and metalloproteases (Table 1 , protein fate͞degradation category). Consistent with feeding by contact, half of those proteases should be either periplasmic or secreted to the cell surface, according to their signal peptides and other domains normally associated with secreted proteins. At least 25 proteases are cytoplasmic, but regulated, like lonV and lonD (65) (66) (67) . As observed for mitochondria and for E. coli, M. xanthus could transfer polypeptides generated by an initial protease digestion to its regulated FtsH-and ClpP-like proteases.
We suggest that M. xanthus has protein-digesting machines dedicated to feeding. One piece of evidence for the suggestion is that many of its chaperone͞protease genes are repeated: lon (two copies), groEL (two copies), ftsH (two copies), hsp90 (two copies), dnaJ (three copies), clpX (four copies), clpA͞B (six copies), and dnaK (15 copies). In E. coli and mitochondria, the products of these genes are thought to degrade misfolded and damaged proteins, allowing their amino acids to be recycled (68, 69) , but in M. xanthus they could be used for feeding. Second, an examination of the whole genome for genes with codon-usage frequencies that are similar to the genes encoding ribosomal proteins (the mark of ''highly expressed genes'') indicates that many M. xanthus ATP-dependent proteases and many chaperones were highly expressed (70) . They are as highly expressed by M. xanthus as its tricarboxylic acid cycle enzymes and electron transport proteins. This finding suggests that the chaperones and the ATP-dependent proteases are parts of multiprotein assemblies that take in folded proteins from prey cytoplasm into a periplasmic chaperone, which denatures and then digests them. The amino acid end products would be released to the cytoplasm to enter the tricarboxylic acid cycle for energy generation or to be activated for polypeptide synthesis. The E. coli FtsH protein is an integral inner membrane protein that projects its ATPase domain into the periplasm. If the M. xanthus FtsH protein, one of its most highly expressed proteins (70) , is similar, it would be in a position to draw denatured prey proteins into its protease cavity (71) . ␦-Proteobacteria generally possess large, multiprotein networks in their periplasm involved in generating energy, like the hydrogen oxidase complex of De. vulgaris that couples to cytoplasmic sulfate reduction (72) . According to this view, by sequestering proteolysis to the interior of protease cavities (68, 69) in their periplasms, the cells avoid destroying their own proteins. There is evidence that the E. coli DnaK protein presents partially unfolded proteins to FtsH protein (73) . M. xanthus may need several DnaK proteins to present the wide variety of proteins found in prey. Thus, the multiprotein complexes proposed would be the molecular mouths and digestive tract of the cells.
Gene duplication made a major contribution to the myxobacterial lineage-specific expansion from a smaller ancestral ␦-proteobacterium. Duplications were followed by divergence of the new gene copies, endowing them with new specificities. Genes were not duplicated at random: some gene functions were not duplicated at all, whereas genes for cell-cell signaling, small-molecule sensing, and multicomponent transcriptional control were amplified preferentially. M. xanthus has less than half the expected number of one-component transcriptional regulators for a genome of its size, and they seem to have been replaced by multicomponent regulators. A multicomponent pathway that has two or more proteins with sensory sites has the ability to integrate signals. Some signals may come from outside, and others may come from within the cell to register its metabolic state. These findings strongly suggest that the duplicated and diverged genes enabled evolution of the complex signaling required for the multicellular lifestyle of myxobacteria.
Materials and Methods
Sequencing. M. xanthus, strain DK1622, was initially sequenced 4.5-fold by Monsanto and released to the academic community in April 2001. The Institute for Genomic Research completed the sequence by additional random sequencing, assembled it, and filled the residual gaps by directed sequencing (74) .
Gene Identification. The ORFs most likely to encode proteins were identified by GLIMMER (75) , and each translated gene was searched against The Institute for Genomic Research nonidentical amino acid sequence database by using BLAST-Extend-Repraze (http:͞͞ber.sourceforge.net). The PFAM (76) and TIGRFAM (11) libraries of hidden Markov models were also searched. Sequence 
